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ABS’1’RACT

‘]’hc Galileo spacecraft is curmltly  o]] its way to Jupiter  and its ]noons. lJ] Apri] 1991, the high

gain anlmlna  (II GA) failed tc) deploy as co]mna]]dcd.  III case tllc cumcl}t cfrorts to dq)loy  the I IG A

fails, cc)ll~lll~l~licatio]ls  duril]g the Jupiter  cl]countcrs  will be tll~ough  OIIC of two lCNV gain aTM]]~]a

(I, GA) on ali S-band (2.3 Ghz) car]ic~. A lot of effort lms been a~]d will be co])cluctcd  to attcnnpt

to open the I] GA. Also var-ious options for ilnproving  Galileo’s telemetry dow]]li]]k pc~formance

am being evaluated in the event that t}w IIGA will not open at Ju])itcr arrival. Alno]]g all viable

options the most promising and powerful  one is to pcyform i?nagc and I]o]l-image data co]nprcssion

i] I software onboard  the spacccyaft. “1’llis  i]]volvcs  in-flight ]c-~)roglalllll-li]lg  of the existing flight

software of Galileo’s Com]nand  and I )ata Suhsystcm  proccsscm a)ld Attitude and Articulation

Co]ltro] Systeln (AACS)  procmsor,  wl]ich have very ]imitcd  com~mtatio]]al  and mclnory rcsourccs.

111 this article wc dcscribc  the proposed data compression algo~ith~ns  and give tllcir rcs]]cctivc

compression pcrforlnance.

‘1’hc pkmncd image compression rd.gorithln  is a 4 x 4 or a]] 8 x 8 ]ntllti])licati(~~l-f]’c(;  irltcgm

cosil]c tra]]sfroTn (I CT) scheme, which can be viewed as al] i]]tcgcr a])proxilnation  of L1)C po]m]ar

discrctc  cosine transform (I JC’.I’) schc]nc. ‘]’hc i]rl])lc]ilcllt:~ti(~ll  complexity of the IC’1’ scllcr]m is

much lower than the DCrl’-tmscd  schc]ncs, yet the pcrfo~lnallccs  of t IIc two algori thins am indis-

tillguishablc.

The proposed non-image conqwcssion algorithm is a Lclnpcl-Ziv-Welch (1 ,Z\V) wuimlt, which

is a, IOSSICSS  universal compression algorithln  Lascd  on a dy]]a~nic  dictiolmry  lookup tahlc. Wc

dcvclopcd  a silnple and cfficicnt hashilg  function to pcrfcmn tllc stri]]g search.

_—-—. ——. —.-.-———.——
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PROPOSED DATA COMPRESSION SCIIEMES FOR

THE GALILEO S-BAND CONTINGENCY MISSION *

.1. Introduction  .

‘J’hc Galileo spacecraft, which was launcllccl  i~] Ott 1989, is Imw 011 its way to

lnissio]l  ildudes  mlcasing a probe  into the Jovia~l  atlnospllcrw, Ic) flyby, probe  data

,Jupitcri Its

capture a]ld

relay, Ju])itcr orbital inscrtioll,  a~ld 10 satellite c~]countem  (Gtrnymcdc,  Callisto,  ltmo]m),  ‘J’hc

G alilco project involves over 20 ycam of effort. in A]wil 1 W], wllcn  the spacecraft first flew by

Ealth,  the Galileo tea?n  comn~aT)dccl  the s])acccraft  to open t}w 1.81n lligl)-gail]  antcn?m (1 IGA).

}Iowcver,  the 1 IGA failed to complctc]y  deploy. All indications are that 3 of the 18 ribs ale stuck tc)

the antcmla’s  central tower,  Several u?lsucccssful  attempts have bccII lnadc to free the stuck ribs.

A lnajor effort is plalmcd for 1 )cce]nbcr 1992 to ]wrfor-in halnmming  or pulsing of the dc]Jc)ylncllt

motor to try to free the ribs. If the 1 IGA fails to dcp]oy, t}m o]]ly way to com~nullicatc bctwcml

l’krrth and the spacecraft is through t}le usc of OIIC of tllc two low gain antcn?las.  If tllc currc]ll,

configuration (ground and sp,acccraft)  rmnai~ls  mlcllangcd,  tllc telclnctry  data  rate will  bc 10 bits

Imr scco])d at Jupiter arrival (1 995), ccnnpard  to the ex~)cctcd data rate of 134 khits  I)CY sccmld

ill the IIGA col)figuration.  ‘J’hc mncnr~lt  of data that can be rcturllcd would bc drastically rcduccd,

A study [1] was conducted from I ]ccc]nbcr  1991 through h4arch 1992 to evaluate various

options for improving Ga]ilco’s telemetry dowll]it)k perforlna])ce ill tllc CVCI]L  that tlw 1 IGA does

not open by Jupiter  arrival. AInong all vial)lc  o])ticnls  the most prcnnisil)g  and ]mwmful  onc is to

])c]’fo]’]n  image and non- ilnagc data con~prcssirm in software ol]lmard  t IIc s]mcccraft.  ‘J ‘Ilis  i] IVO] vcs

i~bfligllt  m-programming  of the existing Iligi)t softwalc of Galileo’s Colnmand  and 1 )ata Subsystmn

(Cl )S) processors and the Attitude and Articulation CoI]trol  SystcIn (AACS) processor, which

has scvcrc]y lilnit,ecl  computatiotla]  and mmnor-y rcsourccs. ‘1 ‘hc soft ware has to bc cmnpact  and

collll)llti~tioll:illy  simple. A Iossy illlage  collqnxv+sioll  scl]cnne is ])roposcd that call give a wide m]Ip,c

of Mc-distortion trade-off for the image data, repmscxlts ova 70% of tllc data to be mturIIrxl by

t]w mission, ‘]’hc rcsl of the data comes fro~n various spacecraft instruments. ‘J’his can either

bc colnprcsscd  by using i]lstl~llllcllt-s]~ccific  cmnpmssicrn  schclncs or by using a proposed 10SS1CSS

universal comprcssiol] algorithm. in this article wc dcscribc  t])c ]n’o])oscd  ilnagc co]nprc!ssio~l

sclmnc and the universal losslcss compression algc)~ithln  and give their mspcct,ivc cmnprcssioll

pcrforma~lccs.

‘J’hc proposed  image com]wcssion algoritlnn  is a 4 x 4 or aTJ 8 x 8 llltllti])lic:~ tic)ll-flee: integer

cosine! tralwfor’in (I C’I’) [2], which was first prolmscd by Chain. ‘1’]le ]~;’1’ call  k! viewed as aII il]lcger

-...——  .——. -—-—.. .——_. . . . . ..-_. .
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appmxhnatiou of the popular ciiscretc cosillc  tra~lsfoun  (1 )C’J’) schexne.  The 8 x 8 multiplicatio~l-

frec lCrJ’ will be ilnplcnnentccl  ill software using the ?norc powerful  AACS processor and the 4

x 4 1 C’J’ will be implemented in software usi~lg several 0 )S processors as backu~),  ‘J’hc 1 CrJ’

sclwncs have much 1“., ‘x i)-l~~~lelnclltatioll  complexity and give i~lciisti~lg~lisl~ablc  perfonna~lcm  who~l

com]mrcd  to the 1X3’ schemes.

‘J’hc proposed  no~l-image compression rdgoritlnn is a 1,crr)I)cl-Ziv-Welcll  (l,ZW) variant [3],

whicl} is a losslcss  ullivcrs?].  compression schc~nc. 1 )uc to tl]c severe limitations of the Cl )S pro-

cessors, wc cannot usc tllc mom scrphisticatcd  cxistiug hashing functions [3]. \Vc dcvelo~)cd a

silnple and cfl;cicllt  hashing algorithm to pcrforln string  scarcll. ‘J’his  hashi]lg function uscs a total

1802 bytes of ]rmnory for a codcbook  of size 512 bytes, a~d requires on the avcrrrgc only 3 J 6-hit

coln~)arisons  pcr ilqmt byte.

‘J’hc commmlication  sccliario  dcscribcd  ill this article is mliquc, ltathcy  tha~l a ty~)ical data

ccnnpmssion paradigln  as in industry where a sophisticated c?lcodcr and simple decoder arc desired,

t hc G alilco 11 G A anomaly sit uatio~l requires a very silnp]e compressor onboard  the spacecraft.

‘J’l]c dC!COIHplf!SSOT, wl]icll  is on tllc ground,  can hc reasonably colnp]cx. Mal]y of tl)c coln~ncssioll

tcchlliqucs  dcxcribcxl in this arliclc  arc Ilot novc] m]d arc lllodifrcatiolls  mxl cnha]wc)ncllts  of some

existing algorit}nns to adapt to t}lc 1 IG A anolnal  y sccllario. ‘J’hc lnain goal is to simplify the

ol]board compressor implcmelltation.

‘J’lIc rest c)f this arlic]e is oyganized as follows: Sections 1, 11, 111, IV, V, VI a~ld V]]] dcscribc

the lCrJ’ lossy ilnage colnprwssion  scl]mnc. A more ill-de~)th  discllssiol)  of tl)c rclationshil)  l)ctwcm]

IC’J’ and I)C’J’ is given in Section 11. ‘J’hc illtcr~)lay  bctwcc]]  the ortllollorlnrd  trrulsfor~ll  stage (ally

orthol]or]na] transform, not just DC’J’)  and the quantizatiou stage is ex~)lorcd  in Sectioll 111. q’hc

~nathc~llatical  properties a~ld a gclleral  constructio]l  schcmc for tile lrlllltil)lic:~tioI]  -fl’c(: I C’JT Ilmtrix

arc given ill Section IV. A .ge]]cral ccnlstructioll  proccdum  of lCrJ’ I]latrix is dcscribcd  ill SI;C’J1l ON

V. l’;xanl])lcs of 4 x 4, 8 x 8, and 16 x 16 ICrJ’ ~natriccs am give]) ill %cticnl V1. ‘J’he I:tt(:-ciistoltioll

pcrfonnal]cc  of the IC’1’ SCI]CIIWS for the Gali]co S-13a]Id  Contillgcl]cy  Missio~l  (4 x 4 and 8 x 8)

is dcscribcd  in Section V]]. Section VI] 1 gives an overview of tllc l,ZW algorithlll.  Scctioll 1 X

dcscribcs  the I,ZW schmne wc used in tl)c Grdilco I,GA Inissicn]. Scctio~l X dcscribcs tl]c novel

features of tllc Galileo IJZW ilIl~)lclncl]tatioll.

I-J. DCT Versus ICT

‘J’l]c discr-ctc cosine tral]sforln  (1 )Cr]’) is regardcxl  as O]]C of t}lc best trrrnsfor]ll  techniques

in ill)agc  coding, Its indcpc~dc~m  frwtn tllc source data and tllc availability of fast trallsfornl

algorithlns  make the I lCrJ’ an attractive candidate for ]na]]y practical ilnage processing a~)l)lications.

III fact tl]c ISO/CClrJ”J’ standards of image procmsi]lg  in lmtll still-image atd video tralwlllissiolls



.

illcluclcs the two-dimcnsicma] DC’I’ as a statldard prc)ccssing  componmlt  in really applications. l’or

still-i] nagc compression, the transform-based schc]ne consists of tln.ec  stages: the data tm)sforln

stage, the quantizatiol]  stage and the entro~)y-codil]g  stage. For video compression, an additional

nmtkm-  compensate”.. stage with feed-back is included, ‘1’he c])ormous popularity of tllc I JC’1’

i]] image comprcssiol] proviclcs the drivi~lg  force for researchers to develop efficicl  It hardware and

software irll~)lclnelltatio~ls  for the 1 )C”J’.

‘J’llc comtncrcial  acccp’  ante of the clncrgillg J1’I;G and A41’GII;  Standards, which  uses an 8x8

block 1 )Crl’ has created a need for aTI cfliciclk IJC’J’ algorithln.  A lot of effort has lJCCII  devoted to

tile pursuit of reducing tllc colnputatio~lal  colnplexity  of the I )Cr]’.  New algorithms have already

been proposcd[6] [7]. ‘J’hc idea of i~lcorl)oratillg  the scale-factors c)f the transforln  process as part

of tllc scalar qumltizcr  has alsc) been suggested in tllc rcccllt  literature [6] [7]. All tlwsc cflorts gear

towards reducing the total ]mmbcr of floating-poil]t  or fixed-poillt multiplications and additicnls

usccl,  with the clnphasis  on reducing the nulnbcr  of li-llllti~)licatic)lls.

l{ccently  Chatn  [2] took a diflcrcnt  a~qwoach  ald Iwoposcd a ncw 8-point tralwforln  called the

illtcgcr cosine transforln  (l C’J’). IC’I’ requires only illtcgcr  ]nultiplicatiol]s  and additiolis,  lnakillg

it ]nuch simpler to implement than the I) C’J’. An IC’J1 chi~) was fabricated and was provcll to be

efficient in both silicon area and sl)ccd.  ‘J’llc clclnc]]i,s  in an lCT lnatrix arc all illtcgcrs,  with sign

and magl)itudc  patterns that resemble those of the I>CrJ’  lnatrix. ‘J’lIc silnilarity  of tllc ICrl’ Inatrix

to the llCrJ’  matrix, together with the orthogcn]ality property of tile lCrJ’ (C’Ct  = A, where C is

an IC”l’  n)atrix  and A is a diagonal matrix), guarmltec  that tllc lCT as well as its i]lvcrsc  ~mssess

the same transform structure as the I) C’J’, tlms allowillg  the usc of so]ne fast 1 )C’ll algoritlnns  to

Conq)lllx!  a fast lcrJ’ [2].

Although the 8-poi~lt  lCrJ’  proposed hy Chain perfor]ns rcmarkal)]y WC]], it is quite ad IMC. 11]

this article we put, lCrl’ into a more forlnal mathcl])atical  setting aJld generalize Cllam’s idea to ally

N-poi~lt IC’J’. ‘J’l]c mathematical properties of ortlmllorlnal  tra~lsfonl]s inclmiil]g  1 C’]’ arc investi-

gated ill the followi]]g  sections. Si]lcc ICrl’ is sc~xlrablc  and tllc extension of tllc! o]lc dil]mlsiollal

IC’J’ to two d i m e n s i o n s  iS Str~ig]lt-fOr\V~ l”(l,  this m’tic]c focuses OJI th(! 011(! di?mlsiona] case.

111. orthonormd  Versus Orthogonal Separable ‘lkmsforms

An N x N 1-1) matrix fi4 is said to be ortllo]mrmal if and CH)ly if MA47’  = 1, wllcrc 1 is the

ideTltity matrix. A~I N x N 1-1) matrix C is said to he orthogonal if CC1’ = A, wlwrc A is a

diagolml lnntrix.  It call hc show]l froln basic lillcnr algebra that for ally N x N (nll]ogol]al llmtrix

C, there exists an N x N ortlmllorlnal  lnatrix A4 a~d all N x N diagonal  IImtrix A SUCI1 tlmt

M = {AC. It cali  furlh!r  be s h o w n  tlmt C’ 1 = C7’A and M–’  = C- 1 {A’- 1 : C7’A{A  =

c~’JA”.



~’hc corresponding 2-1) AI’2 x iV2 orthonor]nal  sc~larablc  tra~isform matrix

. .
where X

N 2 
X N 2

M81M =- (/&TsfiiC)  = ({A8J /A)(C @C’),

is

(1)

@ Y denotes tlIC  tensor product of the matrix X with Y, and the corresponding 2-1)
orthoncmna]  inverse transfor]n matrix is

(M@ M)-”’ = (A ‘“] I&I M-l)= (CT’ti @I C“’{ii) = (C7’ @ C7’)(/~ @ {~), (2)

‘.I’llc  lnatrix <~ @ ~ is diagonal. ‘1’hcrcfom WI]CN tllc 2-1) cwtho] Iorlnal  transforl n M @ M i s

followed by quantizationl  the diagonal matrix ~A@ ~ can be absorbed ill the qualltization  stage

m]d, ol)ly the product by the orthogonal lnatrix C@C is colnputcd  in the transforln stage. Similarly

on the decoder side, {6- @ @ can be absorbed in the dc-quantizaticnl  stag;c,  a~ld tllc N2 output

samples from the dc-quantizcr  arc multiplied by tllc orthogonal lnatrix C7’ @ C’q’, g’llc fusion of tl]c

scaling factors of the transfor~n (il)vcrsc)  tra~wforln  stage i] Ac) t,hc quantization (dc-qual k ization)

stage does ~lot  require additional colnputatio~],  sillcc division operations llavc  to be ~mrfor~ncd  ill

tllc qualhizatiou process anyway. An cxanqdc  of a qua~ltizatio~l  stcpsizc  tc~np]atc!  that correspol]ds

to the all-o]]c uniform quantization template for m] 8 x 8 IC’I’ is given ill Figure 2. A more detailed

discussion on i~}corporating  the scale-factors of the trallsforln  process as part of the scalar qualltizcr

call  be fou~)d  i?] [7]. ‘1’llis re]axatio])  of the orthor)orlnal  rcquirclnc~}t  to orthogonal rcquirc~ncllt
~)lay  a crucial role ill allowillg ollc to “illtcgcrizd’ a transfor~n coding  schclne .as wc will scc in tllc

next scctioll.

IV. Mathematical Properties of IC’J’

ICrl’ and l)Crl’ arc closely related. l,ct C ald A bc the rcsl)cctivc lCrJ’ mid I)C’1’ N x N

matrices. A :- [ak,, ] is an orthonor~nal  tnatrix (i,c, AAt = 1) dcfil]cd  as follows:

a~,, = –-–-
;

k= O, O<n <N-1

(3)

IJsing A as a tcnq)latc,  the 1 C’J’ matrix C = [Ck,, ] is an orthogo~]al  ]natrix (i.e. CCL = A, WIICYC

A is a diagcnlal  matrix) with tllc followil]g ~)ro~)crtics:

1.

2.

3.

lntcgcr properly: Ck,,  arc i~ltcgcrs for O < k, n < N – 1.

Ortl]ogollality  property: ltows (or colu]nns)  of 0 arc orthogolla].

Itclationship with DC’J’: (i) Sgn(ck,i) = sg71.(rQ,,  ) for O < k, 7L < N -- 1. (ii)lf a~,t = U$t, tlml

c~,, =- es/for O<k, n,s, t< N-l.



q’hc i?ltcgcr  property elimhlates  ma] multi~jlication  and real additio]] operations. ‘J’hc orthog-

ollality  property insures that the inverse I(TJ’ has the sanm transform structure as the IC’1’. Notice

tl)at C is o]Jly required to bc orthogonal, but not orthonormal. IIowcvcr, any orthogo))a] ~natrix

CMI bc Inadc ortlm.ti,  mal by lnultiplying  it by an appropr-iat  c diagonal matrix. ?’his opcrat ion

can bc i~ Ic.orporated in the quantization (clcquantization)  stage of the comprwssioll  (deco~nprcssioll)

schcrne, tlms sparing the ICT (il]vcrxc I C’]’)  transfor~n froln floating-point opcrat ions, and at the

same ti?ne  preserving the same transform structure as in the floating-point T)Cq’ (inverse I )Crl’).

‘1’hc relationship bctwccn  ICT and 1 ]C’1’ guarantees cff~cicnt  cr]crgy  packing and allows the usc of

some fast l>Cg’ technique for the 1 C’J’.

v . A General Procedure to Construct an I(3T Matrix

A gc~lcral  procedure to coustruct a~l N x N 1 C’J’ matrix is prcscntcd  ill this section. For any

N x N ICT lnatrix, this construction is done ou tllc grou]]d ~)rior to i~~l~)lelnclltatioll.  ‘J’hc llCrJ’

~natrix is used as a template tc) gclmratc a~l I C’J’ lnatrix. ‘J TIC proccdum  is dcscribcd  as follows:

1.

2.

3.

4.

Generate the N x N lJCrJ’ ~natrix A.

Construct an N x N matrix C by substitutil]g the N pc)ssib]c absolute values ill .4 with N

sy~nbols, and prcscrvc the signs of the clc~ncl]ts  in A.

l~va]uatc CCL, and gcllcrate  a set of indcpcl)clcnt algclwaic equations which forces CC? to be

a diagonal matrix.

l~ild a set of N nunlhcrs  which satisfies the set of algebraic equations gcncratcd  ill part  3.

Sillcc  for a givcu N, there arc N(N - 1) lion-diagonal  clmnclits  ill C, part (3) gives N(N - 1)/2

quadratic equations. This set of cquatiolls  is too large to bc lland]cd  easily cxccpt for small N.

The most tedious part of the above proccdurc is part 4, that is finding N illt,cgms  satisfying the set

of non-] il)car algebraic cquatiolls  gcllcratcd  in parl 3. By usi~g adva~iccd  sylnbo]ic mmlipulatioll

tools like Mdhcmalica  [8], the effort to gcncratc  the set of algebraic cquatimls  ill par% 3 and solving

thcln  in part  4 can be greatly  reduced.  1]1 fact Mathmmtica  was used i]) an irlteractivc manl)cr to

gc~lcratc  a 4 x 4, an 8 x 8 a~ld a 16 x 16 lC’J’  tnatriccs  as described ill tlw next s(!ctioll.

1]] order to obtain good compression performance one requires the set of N - I i]ltcgcws  to

have a silnilar  magnitude profi]c to tllc N -- I floati]lg-poi]]t  elements of A, lhwtllcr~norc, if the

rnulti])lication-free property is desired, OI]C has to restrict the set of N illtcgcrs to bc small integers,

so tl)at ally multiplications with the lnatrix clctllcnlts  call lx! rcp]accd hy a slnall lmlnl~cr of adds

and sl)ifts.

w. Examples of ICT Matrix Construction



Using the construction tech~liqucs  dcscribcd  ill the previous section, wc gc])cratcd a 4 x 4

(I~igurel),a~)8 x 8(Figure2),  anda16 x 16(l~igurc  3)lC’1’lnatrices.  ‘1’bc4 x 41 CTmatrix

has elcm~c~hs  which arc powers of 2. Thc8 x 8101’ Inatrix is the samcas thccxamplegivcn  ill

.Chwn’s  pa~mr  [2], wI.., wclmncnts  arecitllcrpowcrs  of 2, or arc sums of two pcnvers  of 2.

VII. Compression Performance of the I CT Sckmes

We applied our implem&ation  of the 4 x 4 ald tlw 8 x 8 lCrJ’ scl]cmcs  for the Gali]co S-Band

Collti~lgcncy  Mission. We compressed a typical planetary image  mimnria (moon of Uranus). For

tlw ]mrposc of comparison], wc also compress(!d the same image using the JI’I+;G scllcxncs.  qlw root-

mean-squam-error (RMSE) versus comprcssicnl  ratio ~~erforl  na]lcc.s of these schcmcs ml mimnrlrr

arc given ill Figure 4. ‘J’hcsc simulation results indicate tl]at the difhwcnce in rate-disto)tiol)

~)crforlllaTlcc  lcs~lltil)gfroIn  usi]lgtl]c flc)atillg-~)oillt  I) C’J’orthe  IC’J’ ismlnoticeablc,

‘I’llcl Crl’sclle~~les  arealso bci~lgco~lsidcle(l  forcomprcssion oflloll-ill~agc (latalike  tll[)l])lllti-

spectral plasm awavc spcctromctm (PWS) data. Wccomprcssed some tyl)ical 1’WS data filcsby a

factor of

VIII.

~’hc

by Terry

‘J’he

10, which results in lossy rcconstructcxl  images that cm] still bcuseful  forI’WS  almlysis.

LZW Overview

u~]ivcrsal  lossless  lJZWalgorithn3  uscdin  this lnission is bascdon  tllcalgorith~n  proposed

A. WCIC11[3].

I,XW algorithm is a?l adaptive colrqn”ession  scl)cme wlliclj converts a variab]c  lcllgtll strillg

into a fixed length  string. The al,gorithln is adaptive itl the SCIWC that it uscs a dylmnic  lookIIJ)

dictionary table. I’be table is dynalnic  IMcausc it initially starts with a?) enl~)ty table  ofsyrnbo]

stri~lgs and the algorithm fills this table duri~g the com~mssion and clccoln~)rc!ssiol!  process. The

table is thus adapted to the incoming  data. lkcauseof  this adaptation, tlw algorithm rcquirm no

~)rioli~lfor~llatio~]  on thcclata  charactcristicsof  tl~cil]coll~il]g(lata,

'J'l~cl.,Z\V  iIrl~jlcl~~cl)tatioll  oftllcco~Il~)l.cssio]l  allddcco~~l~)l.cssiol  ]scllclrlc is bascclo~l  Wclcll’s

papcr[3]  with modificationst ohandlcl  nulti~)lc  dictionzwy  tables, a~norecflicient  scarcll algorithTn

and the ability to detect ccrtaill  cn’ors. IIowcvcr, it mustbc Jlotcd that  there! is all error i)] the

decompression algorithm described ill Welch’s pa]vm. If followed exactly, t}m dccolnprcsscd  data

will bc garbled at ral)dom points. ‘J’his error is located in the “special case” part  of dccolnprcssion

algoritlnn  defilmd in Welch’s pal)cr. IIlstcadof  adircct  outJmt  oftlm  decoded final cllaractcr,  this

character sl]ould be pushed mlto the stack.

C)ur contribution ill this paper is to dcwclop an I,ZW sclmm! that is cflicim)t ill tc!nns of

speed ald com~nwssiou  performance and at the same time satisfies t}w st~illgcnt colnlmtatioll  and

uwlnory  co?wtraints  of the spacccmft.



Ix. LZW Algorithm

‘1’hc IJZW algorithm is organized around  a translation table, referred to as a dictiol)ary  table

that maps stri~lgs of iuput symbols into fixed length codes. In t}lis parLicu]ar Inissioll,  the code. .
size used is 9-bits, which translates into a table size of 512. ‘1’he dictionary is used as a lookuJ)

table ill both the compression ald deco~npressicm and is generated as the data is being processed.

If the required i~lformation is not in the ~wescnt  state of the table, a new clkity is added  to the

table, thus a dynamic look~p table.

‘J’hc colnpression  speed is very sensitive to the scarcl]  of the dictionary table i]] the main loop

of the IJZW algorithm. The search is used to detwmilw if the required information is ill the table.

Since the entire I,ZW algorithm is based 011 the state of this tab]c, it is importal]t to dcvc]op a

fast search routine that is also cfficicld- ill Incmory  usage bccausc  of the memory colmtrail]t  of the

s~)acccraft,

~lje 1 lylm~nic T,cmkuu  l)~tj~lmry  q’ab~

‘.l’hc size of the dictionary has a dirczt bcarilg  o]] the mmnory rcc~uimncmts  atd execution tilnc

of the inykxncntcd  program. The proposed dictionary size for this mission is 512. ‘Illis nmnbor  is

a co] rqwomisc between optimal colnpmssio]l and t}m lnclnory colwtraint  on board the spacecraft.

‘J’hc illcrcasc  in dictionary size from 512 to 1024 clocs not produce a great c]]ough compression gain

to justify choc)sing  the larger dictionary size.

x . Features of the Galileo LZW Jlll~)lclllcllt.atio13

‘i’hc I,ZW algorithln  was implcmcn]tcd wit]) features tl]at were not discussed ill WTclcl I’s ]xq)cr.

“1’hc itn~dclncntation  can concurrently coJnpress l]mltiple  illdepcndc]]t  strca~ns of data  usil)g lnul -

tiplc dictionaries while using the a minimal amount of mclnory wit}] out comprolnising  execution

tilnc.

&?ll!QJ)le  Dictionary ‘l’ablcs

‘1’hc multip]c dictionary table feature was added bccausc the spacecraft trmmnits  difrcrcllt

types of data requiring lossless compression. l~xamplcs  of tllcsc ty~]cs  of data arc telclnciry}  c~lgi-

ncering a~ld instrument data. Using the multiple dictio~lary approach, it is possible to sc,gregatc

tllcsc data strca?ns  without requiring the compassion algorithln  to finish up 011 onc stma?n and

starL a~lothcr table. q’he progra]n  can switch back and forth bctwcc])  tllc data strcalns a?ld usc the

dictiol]ary  table that is assigned to that data  stream,

llc..l~~s!]lug  A@)~itblm.

‘1’hc search portio)l  of tl]c 1 ,ZW algorit]nn  is tlm lnost tilnc collsmlling, thus it was Ileccssary

to design a search proccdum that was both cflicic~lt  in mc]nory ald i~l cxccutioll  tilnc. We clnl)loy

a siln~dc  yet cfhcicnt  hashing algoritlml  to pcrfor]n tl)e search. NorJiml illll)lcIrl[:tltat,iO1l  of lmshitlg



uscs clylmmic  memory and a linked list, but in our imple)nentation,  two fixed arrays are used. This
is to save memory and to save ovcrhcacl  tilnc in keeping track of the li~lkcd  list usi~lg dynamic

mc]nory. l’hc size of the first array is equal to the dictionary size a~)cl tlic second array would equal

the ciiflcmmce  between “’the dictionary size and the alphabet size,  ‘i’hus it would recluire  ono array

of size 256 a~)d the second array of size 512 for a dictionary size of 512, Scc ‘J’able 1 for hashing

pcrfonn  a?)cc.

~~~_W_l~cy~or~~la~lcc  on Ncw :l~lfrared  Mal)~j~~g:$~?~tl~~g~tgl  (N] M_Q_Da@

Wc have obtained NIMS data produced by Galileo to test the performance of the J,ZW i~n-

plcmc)ltation.  Scc ‘J’able 2,

~j~W 1 ‘crformance  on Sclcctcd  ‘1’cxt Data

A text file was produccci  and used to s}mw the ~)crfor~nallcc  c)f the l,ZW algorithln  wit]] varjous

table sizes (See ‘J’able 3). Fro]n tl]c pcrfomancc,  wc ca~l sce that the table size pro])oscd is a good

colnpro~nisc  bctwccn  optimal compression and mclnory usage.
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1111
2 1 -1 -2
1 “1 -1 1
1 -2 2 -1

Figure 1 a 4 x 4 ICT Matrix

11111

5; 321-1-;-;
3 1 -3 -3 1
3 -1 :: -2 2 -; 1
1 -1 -1 1 1 -1 -1
2 -5 1 3 -3
1 -3 3 -1 -1 -: “:
1 -2 3 -5 5 -3 2

Figure 2a an 8 x 8 ICT Matrix

8 25 18 25 8 25
25 78 56 78 25 78 ::
18 56 40 56 56 40
25 78 56 78 ;; 78 56

8 25 18 25 8 25 18
25 78 56 78 25 78 56
18 56 40 56 18 56 40
25 78 56 78 25 78 56

1
-5

-:
1

-2
1

-1

25
78
56
78
25
78
56
78

Figure2b the Quantization Template of2a

4; 3; 3; 3; 2; Ii Ii : -: -Ii -Ill -2; -3; -3; -3; -4;
10 9 6 2 -2 -6 -9 -10 -10 -9 -6 -2 2 6 9 10
38 22 4 -19 -37 -42 -32 -10 10 32 42 37 19 -4 -22 -38
2 5 -5 -2 -2 -5 5 2 2 5 -5 -2 -2 -5 5 2

37 4 -32 -38 -10 22 42 19 -19 -42 -22 10 38 32 -4 -37
. -6 6 10 2 -9 -9 2 10 6 -6 -10 -2 9

3; -i; -;: 4 42 10 -37 -22 22 37 -10 -42 -4 38 19 -32
1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1

22 -37 -10 42 -4 -38 19 32 -32 -19 38 4 -42 10 37 -22
6  - 1 0 2 9 - 9 -2 10 -6 -6 10 -2 -9 9 2 -10 6

19 -42 22 10 -38 32 4 -37 37 -4 -32 38 -10 -22 42 -19
2 -2 5 5 -2 2 -5 -5 2 -2 5

1: -i: 4: -i? i: 4 -22 38 -38 22 -4 -19 37 -42 32 -10
2
4 -i; 1: X $ ‘3? 3: -;; i: “3; i; -;: ‘;; -1; i: -;

Figure 3 a 16 x 16 ICT Matrix
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I.A.B-LEU____I-lafJhjm  Compar-mn

Data files used are 256x256 = 65536 bytes planetary image  files.

Compares Per Input Byte (Table 1)
-..

I Hash Algorithm Search I Sequential Search
I TableSize I TableSize

Ei!L___ I 5 1 2 1024 _!. 512 lo24_-  . .
d] ::2436 3.7604 76.0222 184.5167
f2 2.5246 3.0067 73.0339 178.2090
h2 2.5816 3.1000 74.2097 181.3555
12 3.6721 4.8428 93.6538 233.7537

TABLX 2 hJinls Data Performance

COMPRESSION RATIO (Table 2)

~Za~a  orientfiticm Table Size = 512 Table Size = 1024
Horizontal Scan 2.60 2.69
Vertical Scan 2.59 2.63
Mirror Scan 2.27 2.35
Original Data 2.45 2.51

TABLE 3 Text Data Performance

Sample Text File Size = 5390 bytes (Table 3)

~.abl e Size Ccw~e&.m_RQtiL_ _ _ _ _  Ta.bkxd+kcc
512 1.36 14
1024 1.52 4
2048 1.59 2


